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Abstract: Two poly(propyleneimine) dendrimers bearing up to 32 photoisomerizable azobenzene groups in
the periphery have been used as potential hosts for eosin,&, %27 -tetrabromofluorescein dianion). The

all-E azobenzene dendrimers can be reversibly switched to Zheirm by light excitation. Both thé& and

Z forms of the dendrimers quench the eosin fluorescence by a static mechanism. The quenching is most
likely due to an electron-transfer reaction between the singlet excited state of eosin and the tertiary amine
units present along the branches of the dendrimers. Quenching ¥ fitren of the dendrimers is more
efficient than quenching by theform. TheE — Z andZ — E photoisomerization reactions of the azobenzene
units of the dendrimers are sensitized by eosin via a trifitgilet energy transfer mechanism. The results
obtained indicate that eosin is hosted by the dendrimers and suggest tAdbthes are more efficient hosts

than theE forms.

Introduction characterization of dendrimers containing light switchable

. ite9

Cascade moleculésowadays commonly called dendrimérs, ~ UNits:
are well-defined, highly branched macromolecules constructed It is well-known that azobenzene-type compounds undergo
from an initiator core upon which radially branched layers, an efficient and fully reversible photoisomerization reaction.
termed generations, are covalently attached. Potentially im- For this reason, they have been extensively used to construct
portant practical applications of dendrimers are related to the photoswitchable devicés!! We have found that the thermo-
possibility of encapsulating guest molecutesExamples of ~ dynamically stableE isomers of the azobenzene groups con-
dynamié and statié guest encapsulation have already been tained in the periphery of poly(propyleneimine) dendrimers
reported. In particular, Meijer et &¢ have shown that when  (para, P, andmeta M, carboxamide substituted; fir<g1, and
poly(propyleneimine) dendrimers bearing a bulky shell of 64 fourth, G4, generations; Figure 1) are reversibly switched to
amino acids in the periphery (dendritic boxes) are constructed the Z form by 313 nm light and can then be converted back to
in the presence of guest molecules, such molecules can behe E form by irradiation with 254 nm light or by heatirfg.
irreversibly imprisoned into internal cavities of the dendrimer Other research groups have investigated the isomerization of
and then site-selectively liberated by suitable chemical reac- dendrimers containing an azobenzene as the central Rker.
tions’ Isomerization of azobenzene units involves a large structural

For practical applications (e.g., drug delivery), a dendritic rearrangement (Figure 2a). In going from théo theZ isomer,
box should be opened and closed reversibly by means of athe distance between thgara carbon atoms of azobenzene
simple, external stimulus. Light is a particularly useful and decreases from 9 to 5.5 A and the dipole moment increases
efficient stimulus to cause reversible structural changes in from 0 (since theE form is planar and symmetric) to 3.0 1
molecular and supramolecular systédie are therefore  Structural changes in the peripheral units of a dendrimer (Figure
engaged in a research program aimed at the synthesis an®b) can modify the surface properties and, in large architectures,
can also cause rearrangements in the internal cavities. For all
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Figure 1. First (G1) and fourth G4) generation dendrimer® andM indicatepara and metacarboxamide substitution. The structure of eosin is
also shown.

Figure 2. Photoisomerization of azobenzene and of the fourth generation dendrimers bearing 32 photoisomerizable azobenzene groups in the
periphery.

groups in the periphery could play the role of photoswitchable taining dendrimers and the potential host eosin YAX',7'-

hosts. tetrabromofluorescein dianion; hereafter simply called eosin,
To investigate this possibility, we have examined the Figure 1). The reason for choosing eosin was 2-fold: (i) its

photochemical and photophysical properties of solutions con- strong fluorescenc¥, which could be affected in case of
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inclusion in the dendrimer, and (ii) the energy of its lowest triplet
statel®which is higher than that of the lowest azobenzene triplet
staté* and could therefore sensitize the photoisomerization
reactions of the peripheral units of the dendrimer.

Experimental Section

All the experiments were carried out in dimethylformamide (DMF)
solution at 293 K, unless otherwise noted. The preparation and
characterization of the dendrimers and the equipment used were
described in a previous papet

Procedure. To perform quenching and sensitization experiments
and to compare the results obtained with molecules as different as

azobenzene and the fourth generation dendrimers which contain up to

32 azobenzene units, we chose very carefully the experimental
conditions. Limitations were imposed by (i) the need to use the same
irradiation wavelength to minimize experimental errors on the rate of

the photochemical reactions, (ii) a partial overlap between the spectra
of eosin and azobenzene chromophoric groups at the irradiation
wavelength (vide infra), (iii) the need to use spectrophotometric analysis
to follow the photoisomerization reactiéhand (iv) self-association

of eosin molecules at high concentratidhsThe conditions in which

the experimental errors could be minimized were as follows: eosin

concentration 5.6« 10 M and azobenzene concentration %603

M, corresponding to an absorbance of 0.95 at 450 nm. To keep constant

the number of azobenzene units in the experiments involving the G1

and G4 dendrimers, the concentration of the dendrimers was adjusted

so as to have the same absorbance of thex1 83 M azobenzene
solutions. This means that the theorefieaoncentration of the G1
and G4 dendrimers was 40 10~* and 5.0x 1075 M, respectively.
Correction of eosin fluorescence intensity for inner filter effects was
performed as indicated in the literatdré? Irradiation was performed
at 365 nm for the conversion of theto theZ form and at 545 nm for
the study of the kinetics of the — Z andZ — E photoisomerization
processes. The reactions were followed by the absorbance changes i
the maximum of the frz* absorption bands (450 and 435 nm for the
E andZ form, respectively). In the direct photoisomerization experi-
ments, the initial absorbance of the solution waB.1, so that the
photochemical reactions followed a first-order rate law. The photo-
sensitization of the isomerization reaction by excited eosin was a
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Figure 3. Absorption spectra of DMF solutions containing (a) 50

1075 M E-PG4, (b) 5.0x 107% M eosin, (c) 5.0x 105 M E-PG4 and

5.0 x 107 M eosin, and (d) 5.0< 10> M Z-PG4 and 5.0x 10 M
eosin. The inset shows the fluorescence band of solutions containing
eosin alone (curve b) and eosin in the presende-BfG4 andZ-PG4

(curves ¢ and d, respectively).

Table 1. Quenching of the Eosin Fluorescefce
compd E form Zform
azobenzerfe 97 100
PGI° 92 90
PG4 67 50
MG44 90 66

a Corrected fluorescence intensities, compared to the fluorescence
intensity of eosin alone taken as 100%. Eosin concentrationx5.0
106 M. DMF solution, 293 K. The experimental error is estimated to
be 5%.21.6 x 103 M. 4.0 x 104 M. 95.0 x 1075 M.

carboxamine-substituted azobenzene dendrimer bearing up to
32 azobenzene units in tleform (E-PG4) is shown in Figure

B (curve a). The band withma = 450 nm € = 1.9 x 10*

M~1 cm™) is due to the nz* transition of the azobenzene
units1® The spectrum of 5.6 1075 M eosin in DMF solution

is shown in Figure 3 (curve b). The intense band in the visible
region @max = 535 nm;e = 1.0 x 1® M~ cm™?) is slightly

pseudo-first-order process since its rate depended on the concentratio@ffected by concentration because of formation of molecular

of the azobenzene species.
Experiments on solutions containing concentrations of the various

aggregate¥ The spectrum of a solution containing b&PG4
and eosin (Figure 3, curve c) is identical, within experimental

species different from those stated above were not performed becauseerror, to the sum of the spectra of the two separated compounds.

of the large experimental errors expected and the impossibility of
making direct comparisons with experiments carried out in the selected
conditions.

Results and Discussion

Absorption Spectra. The absorption spectrum in the visible
region of a 5.0x 107> M solution of the fourth generatigrara-

(13) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochem-
istry; Dekker: New Yok, 1993.

(14) Ronayette, J.; Arnaud, R.; LemaireCan. J. Chem1974 52, 1858.

(15) A certain polydispersity, particularly of the higher generations
originating from imperfections of the polyamine dendrimer skeletons, cannot
be eliminated with the current workup procedures. MALDI-TOF mass
spectroscopy does not show peaks that could be attributed to impurities
originating from structural defects of the polyamine precursor or from
incomplete conversion with the activated esters up to generation 3. In the

Upon irradiation of theE-PG4 solution with 365 nm light, a
photostationary state is reached in which more than 95% of the
azobenzene groups are in th&rform. The spectrum of a
solution containing 5.0< 105 M Z-PG4 and 5.0x 10°¢ M
eosin (Figure 3, curve d) is again identical, within experimental
error, to the sum of the spectra of the two separated compounds.
Similar results have been obtained in the cas&-®dG4 and
Z-MG4. These results show that the interaction between the
two species, if any, is clearly too weak to affect the absorption
spectra.

Quenching of Eosin Fluorescence Eosin displays a strong
fluorescence band in the red region of the spectrum (in water:
Amax= 570 nm,® = 0.69,7 = 3.6 nsi®in DMF: Amax= 560
nm,7 = 3.8 ns). The inset to Figure 3 shows the fluorescence

case of generation 4 there are additional peaks below the molecule ion peakband of solutions containing eosin alone (curve b) and eosin in

that originate from imperfect polyamine starting material, that is dendritic
polyamines with less than 32 propylene amine arms in the periphery. For
the sake of reliability of the photochemical investigations we have thus not

the presence d&-PG4andZ-PG4 (curves ¢ and d, respectively).
Clearly, the intensity of the fluorescence band is much smaller

extended our study to generation 5 azobenzene dendrimers. Structural defectévhen the dendrimers are present. WhenBHeG4 andZ-PG4

in poly(propyleneimine) dendrimers have been investigated and categorized
recently: Ashton, P. R.; Boyd, S. E.; Brown, C. L.; Nepogodiev, S. A.;
Meijer, E. W.; Peerlings, H. W. |.; Stoddart, J. Ehem. Eur. J1997, 3,
974. Hummelen, J. C.; van Dogen, J. L. J.; Meijer, E. @hem. Eur. J.
1997 3, 1493.

(16) Valdes-Aguilera, O.; Neckers, D. 8cc. Chem. Red4989 22, 171.

(17) Lakowicz, J. HPrinciples of Fluorescence Spectroscppyenum
Press: New York, 1986; Chapter 2.

(18) Credi, A.; Prodi, L.Spectrochim. Acta A998 54, 159.

dendrimers were replaced by 32 times more concentrated
azobenzene (to keep the number of azobenzene units ap-
proximately constant), no quenching was observed within the

experimental error. The corrected fluorescence intensity data
obtained for the examined compounds are shown in Table 1.

As one can see, the quenching is smaller for the first generation
dendrimer, whose concentration was 8 times higher than that
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of the fourth generation compounds. In the assumption of a
dynamic quenching mechanism, we can use the Stéaimer
equatiod® to evaluate the quenching constants. With use of
the data of Table 1, the measured eosin lifetime, and the
concentration of the fourth generation dendrimers, values in the
range of 5x 10 to 5 x 102 M1 s™1 are obtained, which are
much higher than the diffusion controlled limit (about710°
M~1s1for DMF solution at 298 K2 This, of course, shows
that a dynamic quenching mechanism is implausible. Further-
more, in the case of a dynamic mechanism, the fluorescence
lifetime should be affected in parallel with the fluorescence
intensity1® but we found that the quenching of the fluorescence
intensity by the fourth generation dendrimers is not accompanied . . e ra—
by any change in the fluorescence lifetime. These results clearly 400 440 480 520 560 600
show that the observed fluorescence quenching does not occur A, nm
by diffusion, but by a static mechanism implying association Figure 4. Curve a is the spectrum of a solution containing &.00~5
between the eosin and dendrimer. M E-PG4 and 5.0x 107 M eosin. Curve b is the spectrum recorded
The static quenching of the eosin fluorescence intensity in &ftér prolonged irradiation of th& form at 365 nm, when the
the presence of the dendrimers could be due either to a changcfhows’[at'onary state containingd0%Z form is obtained. Curve c is
. Lo o ._... ~the spectrum obtained upon excitation of théorm at 545 nm up to
in the rate constants of the intrinsic radiative and/or nonradiative

d L f the d d by the diff a new photostationary state. Leaving the solution in the dark, curve c
eactivation processes of the dye caused by the different ,eq pack to curve a because the fractiorzdbrm present in the

“solvation” enviroment in the dendrimer pockets or to a true ppotostationary state under 545 nm excitation is transformed to the
guenching process by energy or electron transfer. In the first stableE form.

case, however, the fluorescence lifetime would most likely

change, contrary to what we observed. Therefore, we consideramine units of the dendrimers, undergoes an irreversible
the possibility of a static energy or electron-transfer quenching. oxidation process withe, = +0.65 V vs Ag~AgNOz2t On

The fluorescent excited state of eosin (whose energy is 2.17the basis of the excited-state energy and electrochemical data,
eV)"” lies below the lowest singlet excited state of the azoben- the reductive quenching of the excited state of eosin by the
zene units, as it clearly appears from the absorption spectraamine units is considerably exergoffi@nd it can therefore
shown in Figure 3. Therefore, quenching of the eosin fluores- account for the observed quenching prod&ss.

cent singlet excited state by energy transfer to the azobenzene |, any case, the important point is that fluorescence quenching
chromophoric units would imply formation of triplet azoben-  occyrs by a static mechanism, so that we can conclude that the
zene, a process which, being spin forbidden for both Coulombic ,enchable eosin molecules are hosted inside the dendrimer.
and exchange energy transfer, is likely too slow to compete The results obtained (Table 1) show that the minimum value
with the short lifetime (3.8 ns) of the excited eosin singlet. ONn ¢, the fraction of eosin molecules hostedZiPG4 is 50%. It

the other hand, energy transfer to the amine units present injs interesting to note that for both G4 andMG4 dendrimers

the branches of the dendrimer is not possible because such unitg,q quenching ability (which is related to the hosting ability)
do not have energy levels which lie below the excited eosin 4 the 7 form is higher than that of thE form.

singlet. o _ Direct and Eosin-Sensitized Photoisomerization of the
As far as electron-transfer quenching is concerned, it should Azppenzene Units. Irradiation ofE-PG4in DMF solution with

be pointed out that both eosin and azobenzene are relativelys4s nm light caused thE — Z isomerization reaction of the

difficult to oxidize and to reduce (for eosin in watéf;(Eos/ azobenzene units. For short irradiation times (i.e., until there

Eos’) = —0.85 V,E°(Eos'/Eos)= +1.1 V;?**for azobenzene,  is no appreciable absorption by the Z isomer product), the

E°(Az/Az") = —1.36 V vs SCE in DMF! whereas no oxidation  yeaction was first order, with a rate constant of 63102

process is reported in the literature). Since the energy of the min-1, rradiation of a solution containing 5:0 105 M Z-PG4
fluorescent excited state of eosinis only 2.17 eV, a fast electron- gng 5.0x 10-6 M eosin, where the 545 nm excitation light is
transfer quenching reaction involving the azobenzene units doesapsorbed by both components (Figure 3, curve c), caused a
not seem plausible since, judging from the above-mentioned pseydo-first-order isomerization reaction with a rate constant
electrochemical data, both the reductive and the oxidative of9 7 x 10-3min~1. The increase in the rate constant compared
quenching processes do not appear to be exergoriiie amine {5 the direct photoreaction indicates that the light absorbed by
units present in the branches of the dendrimer, however, areeqsin is effective to cause isomerization. Similar experiments
easily oxidized. Triethylamine, which is a good model for the \yere carried out for other compounds, for the back- E

(19) (@) Turro, N. J.Modern Molecular PhotochemistryBenjamin: phOtOIsomenzatlom(”adia"o”=. 545 nm, Figure 4), an.d for both
Menlo Park, 1978. (b) Gilbert, A.; Baggot, Essentials of Molecular ~ @€rated and deaerated solutions. The results obtained, gathered

PhotochemistryBlackwell: Oxford, 1991. in Table 2, show that (i) all the compounds undergo ditect
(20) Moser, J.; Gitel, M. J. Am. Chem. S0d984 106, 6567. Z andZ — E photoisomerization, (ii) the light absorbed by eosin
aq&Zet)u'\s"asr;/r;'te%ékk%imﬁ;v}%of&"i‘g;%‘?hem'ca' Reactions in Non- ¢ affactive to promote the photoisomerization reactions (sen-
(22) For an excited-state electron-transfer reaction sitized photoisomerization), (iii) the sensitized reaction is more
A* +B— A~ +B" (reductive quenching) efficient in the case of th& — E isomerization, as it usually
the thermodynamic driving force can be estimated from the approximate happens fo_r _azobenze_ne-_typg compoufids(iv) the efficiency
equation: of the sensitized reaction is different for the various compounds
AG° = —AE°° — E(A/JA7) + E(B'/B)
whereE(A/A~) andE(B*/B) are the energies (in eV) of the one-electron- (23) Photosensitized oxidation of tertiary aliphatic amines by eosin has

reduction processes, arE"° is the excited-state spectroscopic enefly.  been observed: Bartholomeu, R. F.; Davidson, RJ.SChem. Soc. (C)
An equivalent equation can be written for the oxidative quenching. 1971, 2347.
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Table 2. Photoisomerization Reactichs drimers was again 8 times lower than that of the first generation
E—7Z 7—E dendrimers and 32 times lower than that of azobenzene. Under
such conditions, the fractions of incident light absorbed by eosin
(56%) and by the azobenzene units (12%) were the same in all
azobenzene 36 (34) _86(7.2) 43(40) 18(12)  experiments. At first sight, the fact that the rate constants are
Egélle g:g gg% g:? Eg:gg g:g gjgg 32 823 very close inl all cases (in particular, practically equal for.PGl
MG4' 38(3.5) 83(64) 45(5.7) 25 (11) and PG4) might appear unreasonable because of the different
— - - concentrations of the acceptor species involved in the energy
° Initial pseudo-first-order rate constant.0® min . Deaerated DMF  angfer process. The simplest explanation is that the eosin
solutions, 293 K. Excitation with 545 nm light. Maximum conversion, . . . 3 Lo .
7—10%. Values in parentheses refer to air-equilibrated solutions. The triplet is so Iong-llveéjl th_at !t 1S completgly scavenged in all
experimental error is estimated to be 10%mitial fraction of absorbed ~ cases. Another possibility is that there is an effect related to
light: 61%. ¢ Eosin concentration: 5.& 107% M. Initial fraction of the dendrimer dimension that counterbalances the differences
absorbed light: eosin, 56%; azobenzene units, 1286 x 107 M. in concentration. For example, in the larger dendrimers eosin
40x 107 M. 75.0x 10 M. triplets may be more effective because, as shown by the
fluorescence quenching experiments, there are eosin molecules
contained in the dendrimer cavities which might have a higher
'probability to react with azobenzene units compared to what

compd direct sensitizeél direcP sensitized

(vide infra), and (v) the rate constant of the sensitized photoi-
somerization reaction depends on the presence of dioxygen

whereas this is not the case for the direct photoreaction. TheseWOuld happen in a normal diffusion process. Unfortunately
observations s_how that, fro’.“ a qualltat|v_e viewpoint, the experimental difficulties related to the components of our
azobenzene units of the dendrimers behave like free azobenzeng

moleculed ystems (see above) did not allow us to investigate this problem.
As mentioned above, the rate constants reported in Table 2conclusions
for the direct photoreactions have been obtained with exactly ) ) o )
the same absorbance at the excitation wavelength for all We have found that in DMF solutions containing eosin and
compounds to minimize the experimental errors. This means POly(propyleneimine) dendrimers of the fourth generation
that the same number of azobenzene units were present in eacR€aing up to 32 photoisomerizable azobenzene groups in the
case, but the concentration of the fourth generation dendrimersPeriphery (i) the lowest singlet, fluorescent excited state of eosin
was 8 times lower than that of the first generation dendrimers IS guenched by the amine units contained in the branches of
and 32 times lower than that of azobenzene. Even under suchn€ dendrimers and (i) and ttie— Z andZ — E photoisomer-
“normalized” conditions, the values of the rate constants cannot iZation reactions of the peripheral azobenzene units are sensitized
be directly compared because it is known that the quantum yield Y triplet eosin.  The fluorescence quenching experiments show
of the direct photoreaction of azobenzene-type compounds isthat eosin is hosted in the dendrimers and suggest thaf the
influenced by ring substituents. Therefore, only the data for forms of the fourth generation dendrimers are better hosts than
PG1 and PG4 are really homogeneous and the fact that they the E forms.
are substantially the same indicates that the dendrimer dimen-
sions have no effect on the direct photoisomerization reactions . .
of the azobenzene-type units P by Volkswagen Stiftung and in Italy by MURST (Supramo-
In the photosensitized reactions, the eosin concentration Waslecular Devices Project) and the Umversﬂy of Bologna (Funds
constant and the concentration of the fourth generation den-for Sele~cted Research‘ TOp'CS).' G.C.A. wishes t? thank Fapesp
(Funda@o de Amparo aPesquisa do Estado dé€ GRaule-

(24) In the case of azobenzene, sensitization by triplet energy transfer is Brazil) for financial support.
very efficient @ = 1) for theZ — E and very inefficient ¢ = 0.015) for
the E — Z reaction: Bortolus, P.; Monti, S. Phys. Cheml979 83, 648. JA9822409
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